ABSTRACT We studied contraction in single voltage-clamped, internally perfused myocytes isolated from guinea pig ventricles . The microscopic appearance of the cell was observed and recorded with a television system, while contractile shortening was measured 1,000 times/s using a linear photodiode array. Uniform, synchronous sarcomere shortening occurred in response to depolarizations that triggered a slow inward current (I,). Changes in I,; caused by altering the amplitude of the voltage step, the extracellular [Ca"], or the holding potential were accompanied by immediate parallel changes in the extent and velocity of shortening. In particular, twitch shortening during depolarization (a) was immediately decreased when large voltage steps decreased I,;, and (b) was eliminated by depolarizations that exceeded +75 mV, the apparent reversal potential for Ca2+. In these cases, shortening was associated with the tail current during repolarization . Increases in the amplitude, duration, and the rate of the depolarizing step increased the extent and speed of sarcomere shortening over the course of four to five contractions without a simultaneous parallel increase ofIS; . Large prolonged depolarizations caused an asynchronous, nonuniform, oscillatory shortening of the cell and potentiated future twitch contractions. Increases in the duration of the depolarizing step immediately prolonged contraction; otherwise, interventions that altered the extent, velocity, and time course of shortening in intact, nonperfused cells did not affect the time course of the contraction in the internally perfused single cells. Our results provide direct support for the hypothesis that I,; both induces and grades the size of the Ca' release from the sarcoplasmic reticulum of intact cardiac muscle . In addition, a separate, depolarization-dependent process unrelated to I5; (a) grades the size of contraction, presumably by modulating Ca' accumulation in the intracellular stores, and (b) affects its time course.
INTRODUCTION
The prevailing theory of excitation-contraction (E-C) coupling in mammalian cardiac muscle is that the transsarcolemmal Ca" influx during an action potential causes a large release of Ca" from the sarcoplasmic reticulum (SR) (Fabiato, current have described two types of contraction (phasic and tonic) . These types are related in different ways to depolarization and to the inward current, and their microscopic features are not known. Moreover, the amount of Ca 2+ stored in the SR probably plays a key role in determining contractility. Thus, it is difficult to define the exact role of the Ca 2 '-induced Ca 2+ release process in the intact cell .
The single, isolated cardiac muscle cell differs in several important respects from multicellular preparations . Its simple geometry and large electrical space constant permit rapid and uniform control of the membrane potential (Brown et al., 1981 ; Lee and Tsien, 1982) . Internal perfusion through a suction electrode allows the composition of the cytoplasm to be modified . Ion accumulation in narrow intercellular spaces is eliminated . Moreover, the unattached intact cell constitutes a discrete and uniform population of sarcomeres that shorten synchronously in response to electrical stimuli (Krueger et al., 1980; Roos et al., 1982) . As such, the single heart cell is an ideal preparation for the study of the cardiac E-C coupling process.
Several recent studies have examined shortening in single isolated cardiac myocytes using one-or two-microelectrode voltage clamps (Isenberg et al., 1985 ; Mitchell et al ., 1984 Mitchell et al ., , 1985 . Isenberg et al. concluded that depolarization alone (without I5;) may trigger a rapid release of Ca 21 from the SR, and that Ca 21 entering the cell via the slow inward current may directly activate another, slower component of contraction. Mitchell et al. (1985) concluded that Ca 2+ stored in the SR plays a key role in the contraction of rat myocytes, but possibly a less important role in the contraction of guinea pig heart cells (Mitchell et al., 1984) .
We have modified a whole-cell voltage-clamp technique to simultaneously measure contractile shortening and transmembrane current in internally perfused single heart cells . Thus, we can study cardiac E-C coupling under conditions that allow (a) good voltage control and accurate measurement of transmembrane current, (b) uniform activation and an accurate measure of contraction, and (c) direct access to the intracellular environment, available previously only in preparations without external membranes. This approach allows us to test directly some interpretations derived originally from separate experiments on either intact muscle or skinned cells. It also provides very specific insights into the mechanisms that govern contraction in cells with intact membrane systems.
Some of the results in this study have appeared previously in abstract form (London and Krueger, 1985) . Ca"-tolerant single heart cells were isolated from the ventricles of 300-500-g adult male guinea pigs using the general technique established by Haworth et al. (1980) . The animals were anesthetized with ether and killed by cervical dislocation . The heart was rapidly excised and the coronary vessels were retroperfused via the aorta with an oxygenated (95% 02, 5% C02) physiological salt solution (composition [mM] : 118 NaCl, 4 .8 KCI, 1 .2 KH2PO4, 1 .2 MgSO,, 11 glucose, 25 NaHC03, 1 .0 CaC12) at 37°C. When the blood was cleared away, 60 ml of the salt solution, with no added Ca 21, was washed through the heart, and then .40 ml of the solution, with between 0.20 and 0.25 mg/ml collagenase (Worthington Biochemical Corp., Freehold, NJ) added, was recirculated through the heart for 15 min . The ventricles were then minced, and the tissue was shaken for 30-min periods in 10-ml aliquots of the same collagenase-containing solution with 1 .0 mM CaC12 added. An additional 0 .20 mg/ml of collagenase and 0.20 mg/ml of hyaluronidase (Sigma Chemical Co., St. Louis, MO) were usually added during the first 30-min period . After each period, single cells were separated from the remaining tissue and stored at room temperature in a HEPES-buffered, physiological salt solution (composition [mM] : 118 NaCl, 4 .8 KCI, 1 .2 KH2PO4, 1 .2 MgS04, 11 glucose, 25 NaHEPES, 2.5 CaC12, pH 7.4) .
Some cells were placed in a delrin chamber (total volume, 3 ml) filled with the HEPESbuffered physiological salt solution . The cells settled onto the microscope coverslip that made up the bottom of this chamber, and were viewed with an inverted microscope (Ernst Leitz GmbH, Wetzlar, Federal Republic of Germany) equipped with a 40x, 0 .65-NA phase-contrast objective, a third tube, a direct current-powered illuminator, and a heat filter. All experimental solutions, excluding those used in the cell-isolation procedure, were filtered (0.22-jim filters, Millipore Corp., Bedford, MA) to remove particulate matter .
Contraction ofIntact Cells
An extracellular microelectrode (tip diameter, 1 um) was filled with the bath solution and placed near a cell's membrane. A second platinum electrode was dipped into the bath on the opposite side of the cell. Contraction was triggered by constant-current, 5-ms, negativepolarity pulses through the pipette .
Whole-Cell Voltage Clamp
Suction micropipettes, with tip diameters of 2-8 um (0.5-2.0 MSl resistance when filled), were pulled (model 7000, David Kopf Instruments, Tujunga, CA) from flint glass (3 mm o.d., Friedreich and Dimmock, Inc., Millville, NJ) and lightly fire-polished (Hamill et al., 1981) . Each pipette was filled with intracellular perfusate (see below), mounted in a holder apparatus (Brown et al., 1981) , and brought near the cell with a hydraulic micromanipulator (model MO-102, Narishige Scientific Instruments Laboratory, Tokyo, Japan). A high-resistance seal (>500 MI2) was formed between the pipette and cell by gentle suction (Fig. 1) . The cell membrane was broken by a large brief negative pressure, and the cell was then internally perfused and voltage-clamped (circuit designed and constructed by Dr. Lawrence Eisenberg, The Rockefeller University, New York). The resistance of each pipette was measured before the approach to the cell, and series resistance compensation (up to 1 .5 M51) was used to negate this voltage drop across the pipette . The solution in the pipette could be rapidly changed via a solution line near its tip . 30 'UM tetrodotoxin (TTX) was added to the extracellular solution to decrease the Na' current through the fast Na' channels . 47 8 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 88 " 1986 Measurement of the Ca" Current Depolarizing steps from a holding potential of -50 mV triggered the slow inward current (Is;) . Is; is usually attributed to an intactivating inward Ca" current through highly selective voltage-dependent Ca" channels (Lee and Tsien, 1984 ; Matsuda and Noma, 1984) . Fig .  2A shows the current-voltage relationship of one internally perfused cell at the peak of the inward current and at the steady state 300 ms after the clamp step .
We wished to use the difference between the peak inward current and the current at 300 ms (I,ak -Isoo) as a measure of the peak inward Ca 21 flux . There are several potential FIGURE 1 . (Left) The appearance of an internally perfused voltage-clamped single heart cell, viewed with a 40X phase-contrast objective . The image of the cell was photographed from a television monitor . The asterisk denotes the tip of the suction pipette, which is pushing down on and flattening the center of the cell . The holding potential was -50 mV, and the cell was at rest and quiescent . This cell had a sarcomere length of 1 .88 jm, which was uniform throughout . A 10-Am grating is shown in the upper right for scale . (Right) A schematic representation of this preparation . The voltage (V) inside the pipette is monitored, and current (i) is passed into the pipette to maintain the voltage at the desired level . The internal perfusate is delivered near the tip of the pipette by one solution line ; another line removes excess solution and maintains suction within the pipette. The bottom trace represents the light intensity as recorded by the photodiode onto which an image of the cell is projected . The edge detector interprets all areas of the field where the light intensity exceeded threshold ("Thr.," horizontal line) as being part of the cell . The threshold was set manually for each experiment .
problems with this measurement, however (Lee and Tsien, 1984 ; Isenberg and Klockner, 1982) . To the extent that the Ca" current does not fully inactivate in 300 ms (Lee and Tsien, 1982 ; Isenberg and Klockner, 1982 ; Gibbons and Fozzard, 1975) , this measure will underestimate the true value of the inward Ca 21 flux . Moreover, other ions (through other channels) may contribute to the time-dependent currents measured under voltage clamp, especially given the complex nature of the internal and external solutions necessary to permit cell shortening (see below) . These would include several of the time-dependent outward K + currents described in this preparation (Iijima et al ., 1985 ; Matsuda and Noma, 1984 ; Isenberg and Klockner, 1982) . To evaluate these issues, the Ca 21 channels were blocked by the addition of 100 'UM verapamil or 100,M Cd 2 + to the bath (Fig . 2) . Several features were notable . (a) Verapamil (or Cd") almost completely eliminated the time-dependent inward current ( Fig . 2A) .
Neither agent fully eliminated the negative slope conductance region of the 1-V curve, which can be attributed in part to the inwardly rectifying K+ channel (Kurachi, 1985; Noble, 1984) . (b) The current-voltage curves suggest that the Ca" current was not fully inactivated 300 ms after the voltage step . (c) For large voltage steps, there was a slowly activating outward current (at these voltages, an inactivating inward current is unlikely), which was also seen (although to a lesser extent) in the presence of verapamil or Cd 2+ . This current probably explains why I,ak -Isoo does not reach zero for large voltage steps (Figs . 2, B and C, and 8 C), and was seen under the same conditions that cause steady shortening of the cell (see Fig . 5 ) . (d) There was a small change in the holding current after the addition of the channel blockers. This could be explained by a change in the background K+ conductance, which may have been a result of the drug or a change in the condition of the cell during the 15 min between the two measurements. In any case, the error in the values of the net current should be small at potentials above -30 mV because of the inward-going rectification of the K+ channels .
A general concern arises from the possibility that an early outward time-dependent K+ current may mask a part of I,;. Josephson et al . (1984a, b) did not find an early outward K+ current in single guinea pig myocytes . They did find an early outward current in rat myocytes, but it was not Ca" dependent and it was completely inactivated at holding potentials of -50 mV . Mitra and Morad (1985) also failed to find a Ca"-dependent outward current in guinea pig and rabbit ventricular myocytes . Finally, the time dependence of the inwardly rectifying K+ channel (IK,) is sufficiently rapid that it should not interfere with measurements of Is; (Kurachi, 1985) .
In addition, the verapamil/Cd2+-sensitive current was determined by digitally subtracting the current 10 min after the addition of the channel blocker from the current before its addition . This estimate of the inward Ca" current compared favorably with Ip eak -Isoo over a wide range of voltage steps (Fig. 2, B and C) . There was a reversal of the verapamil/ Cd2+-sensitive Ca" current above +60 mV, however (Fig . 2 , B and C; Lee and Tsien, 1982) . The verapamil/Cd2+-sensitive current exceeded Iaa -Isoo by <20% for voltage steps to 0 mV . This is further evidence that a Ca"-independent early outward current did not hide a significant part of the Ca 21 current at a holding potential of -50 mV .
The channel blockers eliminated the twitch shortening and therefore the Ca 21 transient ; thus, the verapamil/Cd2+-sensitive current included not only the inward Ca 2+ current but also any Ca 2 '-dependent currents that accompanied twitch contraction . Rapid oscillations in cytoplasmic Ca 21 triggered only very small currents at potentials above 0 mV, however (see Fig . 5 ); this suggests that, at these voltages, the Ca 2 '-dependent currents are rather small .
In summary, these results confirm that I~ak -Isoo gives a good estimate of the magnitude of the peak current through the verapamil/Cd2+-sensitive Ca 21 channel for voltage steps to^-0 mV . Above this potential, I,; decreases and eventually disappears .
Intracellular Perfusate
The internal perfusate was weakly buffered at pCa 7 with 0.5 mM EGTA (Fabiato, 1981 ; Fabiato and Fabiato, 1979) . It contained (in mM) : 89 .4 K-aspartate, 7 .1 MgS04 , 5 .0 glucose, 30.0 TES (N-tris[hydroxymethyl]methyl-2-aminoethane sulfonic acid, a pH buffer), 0.131 KCaEGTA, 0.369 K2 EGTA, 3 .3 K2ATP, 3 .75 Na 2CP (creatine phosphate), 8.25 Tris2CP, 0.03 NacAMP, 0 .1 DTT (dithiothreitol, a reducing agent), and 30 U/ml CPK (creatine phosphokinase), and was brought to pH 7 .1 with -I 1 mM KOH . Cells were unstable with lower concentrations of EGTA in the internal perfusate . Twitch shortening in response to depolarizing stimuli occurred with EGTA concentrations as high as 0 .8 mM. MgATP was essential for the occurrence of twitch shortening. After the onset of internal perfusion, changing to a dialysate with no added MgATP caused rigor shortening after 15-30 s, which was followed by a rigor-like state . The cell relengthened upon reperfusion with 5 mM MgATP .
In preliminary experiments, 30 .6 mM Na'" was used in the intracellular perfusate . Under these conditions, contracture shortening developed in the vicinity of the pipette and slowly spread throughout the cell . This may have been due to Na/Ca exchange (Blaustein and Nelson, 1982 ; Sheu and Fozzard, 1982) . Each cell selected for study was oriented with its long axis parallel to a self-scanned, linear photodiode array (model 256 C/17, EG&G Reticon, Sunnyvale, CA) and then approached by the suction electrode . A television system was used to monitor the cell and the pipette . Fig . 1 shows the appearance of a relaxed cardiac muscle cell attached to and internally perfused by means of a suction pipette . The internal perfusion caused little or no change in the microscopic appearance of the cell and its striations .
The image of one free end of the cell, which was bright compared with the background in phase-contrast microscopy, was projected onto the photodiode array (Fig . 3) . A cylindrical lens was used to compress transversely the cell's image and the surrounding Data for voltages between -50 and -90 mV are for holding currents. Note that there was a change in these holding currents between the two measurements, but not in the resting membrane potential (zero-current intercept) . This could be explained by a decrease (^-30%) in the background K' conductance and would slightly decrease the amplitude of the verapamil-sensitive inward current measured for voltage steps to greater than -40 mV (see below). The traces in A are signal averages of four depolarizations . (B) A comparison of the verapamil-sensitive inward current (circles) with the magnitude of the time-dependent inward current I,xakIsoo (triangles) . The verapamil-sensitive current was obtained by digitally subtracting the currents after the addition of verapamil from those before its addition . Ipak -1300 was measured from the I-V curves in A . The amplitude of the voltage steps is the same as in A . For voltage steps to 0 and +10 mV, the inward current peaked -9 ms after the voltage step. The values for the peak verapamil-sensitive currents for voltage steps to above 0 mV are estimated (open circles) as the value of the current 9 ms after the voltage step, because of possible inaccuracies in our data recording system (FM tape) soon after the capacitative transient and because of early current transients sometimes seen in the digitally subtracted records during large voltage steps (see below) . (C) A similar comparison for another cell in which the Ca" channels were blocked with 100 AM Ca" . The leftmost panel shows rapid time base records, for a step to 0 mV, of the currents before and after the addition of Cd 2+ . The middle panels show high time base records of the digitally subtracted Cd2+ -sensitive currents . The voltages during the depolarization were (top to bottom) -40, -20, -10, and 0 mV for the upper panel, and +80 to +10 mV in 10-mV increments for the lower panel . Note the existence of a small inward-going transient -5 ms after large voltage steps . The right-hand panel compares the Cd2'sensitive current (circles) with Ip eak -Isoo (triangles), as in B . This experiment was performed in two cells . The traces in C are signal averages of three depolarizations . A window of variable size and position is adjusted to include one end of the cell and exclude unwanted signals from debris (asterisk). A threshold level ("thresh") is then manually set to the area of maximum slope on the video signal . A voltage step is then triggered and integrated whenever the video signal exceeds the preset threshold within the window . The final amplitude of the resulting ramp is sampled and held at the end of the scan . Note that as the cell shortens (position 1 to 2), the length of the free end of the cell and the amount of the array for which the light intensity exceeds threshold both decrease . The amplitude of the ramp at the far end of the video window will thus follow displacement of the end of the cell . the integrator output was reset to zero at the beginning of each scan, the output voltage of the edge detector was directly related to the amount of the array covered by the cell's image . When the cell shortened (with its moving edge perpendicular to the long axis of the detector ; Fig . 3 , images 1 and 2), its image covered less of the detector and the output voltage (which was sampled and held) decreased . Thus, the position of the edge of the cell could be computed 1,000 times/s .
The ends of unattached heart cells shortened freely about a central point when stimulated to contract by extracellular electrodes (as described above) . The ends of voltageclamped, internally perfused cells shortened toward the stationary suction pipette attached to the center of the cell . In both cases, the number of sarcomeres (N) in the free end of the cell projected onto the photodiode was counted . The resting sarcomere length (SL o) in this free end of the cell was measured (as the average of at least 10 striations) with a filar micrometer, which had been calibrated against a I O-Am grating . We could then relate changes in the output voltage of the length-follower (AV) to sarcomere length (SL) by the formula SL = SLo -KAVIN, where K is the constant relating distance to voltage for the length-follower as measured from the image of a I0-Ecm grating .
This calculation assumes that the sarcomeres in the unattached part of the cell shorten uniformly ; otherwise, there would be a spread of sarcomere lengths, and this formula would give only an average sarcomere length for the unattached end of the cell . We visually inspected and recorded the striated appearance of the sarcomeres during the contractions with the television system to determine whether or not they contracted uniformly .
As a first approximation, the limiting resolution of displacement of a perfect edge is determined by the ratio of the length of an object whose projected image would cover the array and the number of elements in the array (i .e ., 75 Mm/256 elements = 0 .3 jm/ element). In practice, the length-follower could detect edge displacements as small as 0 .2 Am, as estimated by knowing (a) the total voltage changes associated with the fixed displacement of a calibration grating in the microscopic field of view and (b) the minimum detectable changes in the voltage output . Inasmuch as the free ends of the cell usually contained >30 sarcomeres, this is equivalent to a measurement precision of better than 0 .01 Am/sarcomere, or 0 .5% . Some cells had up to 60 sarcomeres in the free end, and the precision of measurement was improved accordingly .
In general, the peak velocity of shortening and the maximum amount of shortening in a cell changed in a parallel manner . The former, however, occurred soon after depolarization, and it was therefore less affected by the additional shortening that occurred upon repolarization of the cell after large depolarizations (see Results) . Therefore, we chose to use the peak velocity of shortening during the depolarization step (Vx,k) as a quantitative measure of contraction . Vp .,k was determined by hand as the tangent of the sarcomere length traces .
Experimental Protocol
The ventricular cells isolated from the guinea pig were irregular in shape and highly variable in size . The cells used in our study ranged from 95 to 180 'Um in length and from 15 to 30 Am in width . All of the cells chosen for study were roughly rod-shaped, had no visible surface blebs, and had resting sarcomere lengths of >1 .80 ,um/sarcomere . For voltage-clamp experiments, only cells that maintained a stable outward current at a holding potential of -50 mV were used . Cell pairs and larger multicellular aggregates were excluded from this study . We could distinguish multicellular preparations by their optical appearance and also by their contractile behavior . We voltage-clamped one cell of a cell pair on three occasions (twice intentionally) . The extent and time course of shortening differed significantly in the two cells . This was not surprising, because only the cell that was attached to the pipette would be internally perfused at a rapid rate and reliably voltage-clamped .
After membrane rupture, the holding potential was usually set to -50 mV . This, along with the TTX, should have eliminated the fast Na' current . The cell was then depolarized to 0 mV in steps lasting 300 ms, 30 times/min, until the contractile shortening and current 484 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 88 -1986 stabilized (usually within 1 min) . The shortening seen under these stimulus conditions will be known as steady state control shortening .
The extent of shortening and the amplitude of the peak inward current gradually decreased as a function of time after the onset of internal perfusion, under the same stimulus conditions (see Results) . When the change during an experimental protocol was significant, the values of the peak current and of the shortening velocity were normalized to those of steady state control contractions interspersed throughout the experiment .
Under certain conditions (e.g ., high stimulus frequencies, long depolarizations), some cells developed aftercontractions (i .e ., spontaneous and asynchronous sarcomere shortening, which followed the stimulated twitch ; see Mitchell et al ., 1985) . Data from cells under these conditions were excluded from this study .
All experiments were performed at room temperature . Unless otherwise noted, the extracellular [Ca"] was 2 .5 mM, the stimulus rate was 30/min, and the depolarization step duration was 300 ms . The microscopic appearance of the contracting cell and its striations were recorded on videotape (SL-2710 Sony, Tokyo, Japan) . The membrane potential, currents, and cell length were stored on FM tape for analysis (A . R. Vetter Co ., Rebersburg, PA). Current traces were filtered at 1 kHz . Cell length traces were filtered at 100 Hz . Some traces were signal-averaged (TN-1505, Tracer Northern, Middleton, WI) to reduce noise .
For this study, voltage clamp, internal perfusion, and cell length measurement were successfully established on 18 cells . Unless otherwise noted, each of the complete experimental sequences reported was performed on at least three different cells, and all yielded comparable results . Data from multiple cells are expressed as means ± standard deviation (SD).
RESULTS

General Contractile Behavior ofthe Voltage-Clamped, Perfused Cells
The cells selected for study were, on the average, 120 Am long by 20 Am wide. They were quiescent during the intervals between depolarizations and had resting sarcomere lengths of 1 .87 ± 0.03 Am (n = 14) . This value did not change after the onset of internal perfusion . Steady state control depolarization from the holding potential to 0 mV elicited an inward current and twitch shortening (Fig . 4) . Shortening appeared to be uniform and synchronous throughout the unattached parts of the perfused cell. The times from stimulation to the onset and to the peak of shortening, 40 ± 16 and 308 ± 76 ms, respectively (n = 15), compared favorably with the values of 41 ± 12 and 349 ± 52 ms (n = 10) obtained with unattached, nonperfused cells stimulated at the same rate . These similarities suggest that the steps that initiate the release of Ca" from the internal stores are unaltered by the intracellular perfusion technique .
The extent and velocity of shortening of both the intact, electrically stimulated cells and the perfused, voltage-clamped cells varied from cell to cell. Some cells shortened vigorously, while others shortened only a small amount (compare, e .g., Figs . 4, 6, and 7) . The extent of shortening decreased by an average of 45% in the three cells in which we measured shortening both before and after the onset of internal perfusion (cells stimulated 30 times/min with 300-ms voltageclamp steps from -50 to 0 mV, 1-1 .5 min after the onset of internal perfusion) . We would expect the perfused cells to shorten less than intact cells, because of (Vno,d) was varied between -90 and -10 mV. Contractions were triggered by 300-ms depolarizations to 0 mV. All traces for slow time base recordings such as these were filtered at 30 Hz. For the current traces, the large downward deflection is the slow inward current (1, ;), and the smaller downward and the upward deflections are the capacitative artifacts . Note that when Vho,d was more positive than -20 mV, there was some generalized shortening of the cell. (B) Contractile shortening, currents, and membrane potential for the three contractions marked with arrowheads in A, at a faster time base. The numbers near each trace indicate the holding potential from which depolarization was triggered . To facilitate a comparison, the sarcomere length traces for the three contractions have been repositioned so as to appear to start from the same initial length . Note that the inward current following a voltage step from -90 to 0 mV was larger and peaked somewhat sooner than a voltage step from -50 to 0 mV . This probably represents some residual Na' current through the fast Na' channels at a holding potential of -90 mV.
calculated K+ equilibrium potential was -75 mV, given an intracellular [K+] of -108 mM and an extracellular [K+] of 6.0 mM. Thus, the membrane is fairly selective for K+. The input resistances for these cells (for voltage steps to -90 mV) ranged from 13 to 80 MQ (mean, 36 MSS).
The survival time of the cells after the onset of internal perfusion ranged from a few minutes to over an hour. We saw a time-dependent decay of the peak Ca 2+ current (Fig. 8B , contractions I and 5), as reported by others for the internally perfused heart cell (Lee and Tsien, 1982; Irisawa and Kokubun, 1983 ). This 48 6 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 88 " 1986 progressive decrease in I5; was always accompanied by a decrease in sarcomere shortening . The twitch shortening in response to depolarizing steps eventually disappeared in most cells. Thus, in intact isolated cells, a small or absent contractile response to external stimulation may reflect a decreased number of functional Ca" channels .
In some cases, however, the cells began to contract spontaneously and asynchronously . This usually accompanied a decrease of the cell's input resistance, and probably signified a breakdown of the high-resistance seal between the cell and the pipette. This was followed by a progressive decrease in the mean length of the cell .
Alterations of the Holding Potential Fig. 4 shows the effect of changes in the holding potential on steady state twitch shortening caused by voltage steps to 0 mV . Hyperpolarizing the cell (from -50 to -90 mV) slightly decreased the magnitude and velocity of the steady state shortening, with only minor changes in the time course of the inward current (Fig. 4B ) . Holding potentials more positive than -40 mV decreased both the inward current and the twitch shortening . Upon the return of the holding potential to -50 mV, however, the shortening (but not the inward current) was temporarily enhanced .
The relationship between steady levels of depolarization and the sarcomere length for a nonstimulated cell is shown in Fig. 5 . As also shown in Fig. 4A , changes in the holding potential between -90 and -50 mV did not significantly alter the resting sarcomere length . For holding potentials more positive than -40 mV, however, we saw considerable generalized shortening of the cell . This shortening was greater at more positive potentials, up to and exceeding +100 mV, which is near the Ca`equilibrium potential. The shortening was also seen in the presence of 100 uM Cd2 + (two experiments) . Thus, an influx of Ca 21 through membrane Ca 2+ channels is probably not responsible . The cell relengthened (although not fully) and again became quiescent when it was repolarized. If the depolarization was maintained at large voltages, however, the shortening progressed and became irreversible ; the cell then became rounded and its striated pattern was lost.
This shortening was accompanied by nonuniform oscillations of sarcomere length (Fig. 5) . We could not determine an obvious focus of origin for these contractile waves, and there were often multiple waves in a cell at any given time. Thus, we were unable to quantify the frequency of these oscillations . The voltage at which this spontaneous shortening began was somewhat variable from cell to cell, and a small amount of steady slow shortening was usually visible before the oscillations began (for steady shortening, see Figs. 4A and 9). The oscillatory shortening of cell length was accompanied by very small oscillatory inward currents that decreased with increasing depolarization (Fig. 5) .
Thus, the velocity and amplitude of the twitch shortening decreased immediately when a less negative holding potential decreased I . ; . In addition, a period of sustained depolarization caused a slow, nonuniform oscillatory shortening that was independent of IS;. The sustained depolarization also potentiated future control twitch shortening, whereas sustained hyperpolarization weakened twitch shortening.
Alterations of the Extracellular [Ca 2+] We raised the extracellular [Ca2+ ] around an internally perfused cell from 1 .0 to 3.0 mM (Fig. 6A ) . The inward current (middle panel), the peak shortening velocity, and the amplitude of shortening (top panel) increased simultaneously . The time between depolarization and the onset of shortening decreased somewhat, but the overall time course of the contraction did not change significantly.
FIGURE 5 . The effect of different holding potentials, without superimposed depolarizing steps, on sarcomere length and membrane currents . The shortening was spontaneous and nonuniform throughout the cell, with multiple foci of contraction . For this reason, the listed sarcomere length is an average of the lengths of all the sarcomeres in the free end of the cell projected onto the photodiode, and not the length of any given sarcomere. Note that the cell did not relengthen fully after repolarization . The asterisk denotes a region of damage on the FM tape .
For comparison, the effect of an increase in [Ca"] on an intact, nonperfused, electrically stimulated heart cell is shown in Fig. 6B . Here, the time between stimulation and the onset of rapid shortening decreased, the amplitude and velocity of shortening increased, and relengthening was accelerated. Fig. 7 shows the effect of a change in the stimulus rate on shortening in an internally perfused, voltage-clamped single heart cell ( Fig. 7 A) , and in an intact, nonperfused heart cell stimulated to contract by an extracellular electrode (Fig .   7B ) . In both cases, an increase in the frequency of stimulation (to a point) caused an increased amplitude and velocity of shortening that developed gradually over the course of several contractions . In the perfused cell, the peak inward current with each depolarization and the time course of contraction were not significantly affected by the stimulus rate (Fig . 7A) . The velocities of shortening and relengthening increased in parallel . In contrast, the contraction of the nonperfused intact cell was markedly abbreviated by increased stimulus frequencies (Fig . 7B) ; this change was evident on the first contraction at the new rate . In addition, increased stimulus frequencies markedly shortened the delay from stimulation to the onset of rapid sarcomere shortening only in the intact, nonperfused cell. For very low stimulus frequencies, a very slow phase of sarcomere shortening was apparent (Fig . 7B, inset) ; this made the determination of the true mechanical latency difficult .
Alterations of Frequency of Stimulation
FIGURE 7 . The effect of increasing the rate of stimulation on contraction for a voltage-clamped, perfused heart cell (A) and for an intact, nonperfused heart cell (B) . The traces were taken under steady state conditions and are signal averages of 4 (A) and 10 (B) contractions . The stimulus rates (in hertz) are given next to each trace in A. In B, the rate was increased from 0.1 to 1 .0 Hz in 0.1-Hz increments . The sarcomere length traces were repositioned so as to appear to start from the same initial length . In actuality, there was some incomplete relengthening (<0 .01 Wm/src) at high rates of stimulation . The horizontal calibration bars are all 0 .1 s. The inset in B shows at a faster time base the onset of shortening in this cell with a stimulation frequency of 1 .0 Hz, and the slow phase of early shortening seen only in nonperfused cells stimulated at low rates .
In summary, for the perfused cell, a slow increase in the amplitude and velocity of shortening was associated with (a) more frequent depolarizations and (b) an increased net inward Ca" current (because Is; remained the same for each depolarization while the number of depolarizations per minute increased) . Other experiments explored whether increased depolarization or increased integrated inward currents were associated with slowly increasing contractility under other conditions (see below) .
Alterations of Voltage Step Amplitude
We changed the amplitude of the depolarizing step for 6-10 consecutive contractions. Fig. 8A shows a slow time base recording of one such sequence in which the depolarizing step amplitude was raised from the control value of 0 mV to +50 mV. Fig. SB shows cell length, transmembrane current, and membrane potential for five of these contractions . Note that the dynamics of contractile shortening changed immediately as the depolarizing step was altered (contractions 1-2 and 3-4) . The speed and amplitude of shortening continued to change at the respective depolarizing steps until a steady state was reached several contractions later (contractions 3 and 5). The currents, in contrast, changed when the voltage step was altered and remained constant thereafter (see, e.g., Fig. 9 ) .
Any protocol for studying the influence of depolarization on contraction must account for both these immediate and slower adjustments in contractility. We describe first the immediate changes that occurred when the depolarizing step amplitude was altered. The gradual adjustments that followed are discussed afterwards .
Rapid changes in contractility . Fig. 8 C summarizes the effect of eight different changes in the voltage step amplitude on the inward current (IS;, dashed line) and on the peak velocity of shortening (Vpeak) of the first contraction at the new voltage (solid line, open circles) . Depolarizing steps to less than the control value of 0 mV activated less inward current and resulted in an immediate reduction Of Vpeak. Depolarizing steps to above 0 mV also decreased both I5; and Vpeak" Steps to above +70 mV, the apparent reversal potential for Ca 2+ (Lee and Tsien, 1982) , always eliminated the uniform, synchronized twitch shortening during depolarization (n = 10; Fig. 9 ). There is therefore a good correlation between the peak inward current and the maximum velocity of shortening (Fig. 8D) .
When the duration of depolarization was longer than 300 ms, very large voltage steps caused a slow shortening with superimposed asynchronous contractions. This was similar to the nonuniform, asynchronous shortening seen with large positive holding potentials, as in Fig. 5 .
With large voltage steps ( Fig. 9 and Fig. 10 B, contraction 2), we saw a uniform late shortening of variable amplitude, the onset of which followed repolarization to the holding potential and the associated inward-going tail current. This tail current resulted in part from an inward Ca 2+ flux through noninactivated Ca 21 channels (Isenberg and Klockner, 1982) . Thus, a uniform, synchronized twitch contraction followed two very different inward Ca The shortening traces were filtered at 50 Hz . The current traces are signal averages of four steady state contractions . Note that the peak inward current and shortening in contraction 5 are both slightly smaller than in contraction 1, which indicates a rundown of the cell during the 30 s between them. (C) The effect of eight different changes of V e, on 1,; (measured as 1300 -Ip e,k, X) and on the peak velocity of shortening (Va,k) of the first contraction (p) and of the steady state (") . At any V t,p (e .g ., contraction 3 in B), I,; and Vp .,k (during the depolarizing step) were normalized by the average of the respective values, which occurred in the preceding and following series of steady state voltage steps to 0 mV (e .g., contractions 1 and 5 in B) . The arrows indicate the change in the shortening velocity between the first and the steady state contraction at the indicated voltage . (D) Vt -k of the first contraction at a new depolarizing step as a function of I,; at that depolarizing step, for Vep > 0 mV . Data were normalized as in C. The arrow indicates the direction of increasing depolarizing step amplitude . For V,p < 0 mV, the time course of the inward current differed from that with larger steps, and Vp ,, k was more variable from cell to cell . (E) The effect of prior depolarizations on contraction . The V,x,k of the first contraction after the return of the depolarizing step from each V~p to 0 mV is shown (e.g ., contraction 4 in B) . The velocity was normalized against the following steady state control step to 0 mV (e.g ., contraction 5 in B), and the arrows indicate the direction and magnitude of the change to steady state . Note that for depolarization to +70 mV (open circle), contraction accompanied repolarization and not depolarization . the late shortening demonstrates that the intracellular Ca" release process could proceed in the absence of membrane depolarization .
The delay between the repolarization and the onset of shortening (following the large voltage steps) was as much as 20 ms shorter than the delay between depolarization and the onset of shortening (under conditions where depolarization triggered I i and contraction) in the same cells.
Aside from this shortening associated with repolarization (which delayed relengthening after large voltage steps), alterations in the amplitude of the depolarizing steps did not significantly affect the time course of shortening . The . The effect of a large depolarization on the shortening (top) and currents (middle) . The traces labeled "con" represent a steady state control contraction (a depolarization from -50 to 0 mV). The traces labeled "100" represent the first contraction with a voltage step to +100 mV, and the traces labeled "ss" represent a steady state contraction at that voltage step . The duration of the voltage step was 475 ms . Length traces for "con" and "ss" are signal averages of four contractions . The arrowhead beneath the length traces indicates the onset of repolarization . Note that the current traces for the first and the steady state contractions with a voltage step to +100 mV superimpose. Also note that there is a small amount of steady shortening^-300 ms after the step to 100 mV . The inset shows the tail currents (capacitative artifact not removed) that followed repolarization . Although other currents are probably responsible (e .g., an electrogenic Na/Ca exchange), at least part of the tail current represents Ca`flowing into the cell through noninactivated Ca`channels . Same cell as in Fig. 7A .
time between stimulation and the onset of shortening was longer with very small voltage steps (to less than -10 mV), however. Slow adjustments in contractility. The amplitude of the depolarization also influenced the difference between the peak velocity of shortening of the first contraction at a new voltage and the steady state at that voltage (Fig. 8 C, arrows between open and solid circles) . Decreasing the voltage step amplitude from the control value of 0 mV resulted in a gradual decrease in the velocity and amplitude of shortening, whereas increasing the voltage step amplitude increased the shortening over the course of several contractions . Similarly, upon the return of the depolarizing step to 0 mV (control), the size of the first contraction depended 492 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 88 -1986 in a predictable way upon the amplitude of the preceding voltage steps (e.g., Fig.  8A , contraction 4 vs. 5). A series of small depolarizing steps (to less than 0 mV) depressed the first few control contractions that followed, whereas a series of large depolarizing steps (to between 10 and 50 mV) enhanced the subsequent control contractions (Fig. 8E) . Thus, larger voltage steps caused a slow increase in the amount and speed of shortening, despite the fact that the inward currents (peak and integrated ; Fig. 2 ) during depolarization were reduced from the control conditions .
Alterations of Voltage Step Duration
Very brief depolarizations (i.e., those that ended well before the peak of the inward current and presumably did not trigger a large Cat+ tail current) either (a) immediately decreased the peak velocity and extent of shortening or (b) eliminated shortening entirely . Changes in the duration of depolarization that did not encroach on the peak inward current (i.e., to voltage step durations >40 Ins) affected total shortening but had no effect on the maximum velocity of shortening of the first contraction at the new step duration (Fig. 10A, contraction  2) . Thus, the events that determine the initial phase of contractile shortening occur near the beginning of the voltage step.
The cell shortening gradually adjusted to a new steady state level after a change in the duration of the depolarizing step (Fig. 10, A and B) . Longer depolarizations increased the maximum velocity of shortening at the steady state (Fig. 10C) , with no change in the peak inward current. This was true even with voltage steps to +60 mV (Fig. 10, B and C) , for which the inward Ca 2+ current was much smaller. Thus, alterations of the duration of the depolarizing step were associated with a slow change in contractility; this change occurred without any change of the peak inward current and did not depend on the size of those currents.
Lengthening depolarization prolonged shortening and delayed relengthening (Fig. 10D ) . This effect occurred as soon as the duration of depolarization was altered (contraction 2 of Fig. 10, A and B) and before the gradual change in the peak shortening velocity had occurred . Relengthening did begin before the end of long depolarization steps (Fig. 4B) , although it was always incomplete . Conversely, there seemed to be a minimum possible duration of contraction, seen with depolarizations of <100 ms. Moreover, when repolarization from a voltage step to +100 mV triggered shortening (Fig. 9 and Fig. 10 D, asterisk) , contractile duration was also at that minimum value. Here, shortening took place at the holding potential, and the voltage step duration was therefore effectively nil. At the top is a slow time base recording of the sarcomere length ; the horizontal bar indicates those contractions for which the duration of depolarizations was shortened . Length and current records for representative depolarizations are shown below . Contraction 1 is the steady state with a 300-ms depolarizing step (V,,,, = 0 mV), and 2 is the first and 3 the steady state with a 120-ms step. The length traces of contractions 1 and 3 are signal averages of the last four contractions with their respective voltage step durations . (B) The same sequence of changes in the duration of depolarization as in A, except that Vst,p = + 60 mV . Note that the amount of shortening is smaller than in A, as is Is; (see, e .g ., Fig. 8 ). Also note that there is additional shortening after repolarization of the brief depolarizations (trace 2). The inset shows the tail currents, which are smaller with the longer depolarization. (C) V,,k during depolarization as a function of depolarizing step duration, at steady state, for steps to 0 (solid circles) and +60 mV (open circles). (D) The timeto-peak shortening, at steady state, as a function of voltage step duration . The point at 0 ms (asterisk) was taken from shortening triggered by repolarization from VsteP = +100 mV (Fig. 9) . Note that when the duration of the voltage step was changed, the time course of the contraction changed immediately (e .g., in A and B) . Same cell as in Fig . 7 A. studies (Chapman, 1983 ; Fozzard, 1977) . Second, an oscillatory form of contraction with multiple foci of shortening occurred in response to (a) a holding potential above 0 mV (Fig. 5) and (b) long depolarizations of large amplitude (data not shown) . This type of shortening could be considerably greater than that of the twitch, and was associated with an overall decrease of sarcomere length . Had the ends of the cell been held in place, a considerable amount of tension would have been expected . Thus, this type of nonuniform asynchronous shortening is probably the basis of the "tonic" tension reported in the multicellular voltage-clamp studies and probably has no analogue in the contraction of the intact heart.
DISCUSSION
The Internally Perfused, Voltage-Clamped Single Heart Cell We have shown the feasibility of simultaneously measuring membrane currents and shortening in an internally perfused, voltage-clamped heart cell. Thus, E-C coupling can be examined under well-defined conditions in cells with intact membrane systems.
Inward currents . The slow inward current traces that we observed were similar to those reported in other studies in which the intracellular perfusate did not permit shortening and in which Ca" was the only permeant cation Tsien, 1982, 1984) . Thus, the motion of the cell does not disrupt the highresistance seal between the cell and the pipette, or interfere with the electrical measurements in the isolated cells.
There are several potential difficulties with the measurement of the inward Ca 21 current in our system . (a) We measured the series resistance of the pipette in free solution and compensated for this value. The series resistance across the pipette tip may have been greater when it was attached to the cell, however (Irisawa and Kokubun, 1983) . This would decrease the accuracy of the voltage clamp and cause an underestimation of the peak inward current. (b) The Ttubules in the guinea pig myocyte constitute a distributed series resistance across a part of the cell membrane. Thus, some nonuniformity in the voltage clamp is inevitable . (c) Our internal perfusate was more complex than those used in other electrophysiological studies. The composition of this solution was designed to support shortening, but the electrophysiological effects of its constituents have not been characterized fully. Thus, the use of this more physiological intracellular solution limits the certainty with which we can assign ions to the currents we observed . In particular, other voltage-and time-dependent currents were present in addition to the inward Ca 2+ current (Fig. 2). (d) The motion of the cell limits our ability to perform certain other experiments. For example, the use of a second electrode at a distance from the first would result in tension development between the electrodes and disruption of the high-resistance seal(s).
Despite these concerns, we believe that this preparation yields an adequate voltage clamp and a good qualitative estimate of the inward Ca 2+ current. The similarities of Ipeak -Iaoo and of the verapamil/Cd 2+-sensitive inward current over a wide voltage range support this conclusion (Fig. 2) . 49 5 Cell length measurement. Contractile force is traditionally used to infer the amplitude of the cytoplasmic [Ca"] (and thus myofilament-bound Ca") . Tension has been measured on intact isolated mammalian heart cells (Fabiato, 1981 ; Brady et al., 1979) . In our setup, however, the development of tension would probably disrupt the high-resistance seal between the suction micropipette and the cell .
A convenient method for the measurement of contraction in cardiac muscle preparations relies on changes in the light transmitted through the cells (Bucher, 1957 ; Boder et al., 1971) . Related photoelectric techniques have been applied to individual cardiac cells (Mitchell et al ., 1985; Fabiato and Fabiato, 1972) . These methods are difficult to quantify, however, because of the absence of any simple and unique physical basis that relates shortening to the optical properties of the cell (Fabiatio and Fabiato, 1972 ; Clusin, 1981) .
These difficulties do not exist if the edge of the cell is detected directly . Isenberg used a photodiode array to measure contractile shortening from the videotaped image of electrically stimulated (Isenberg, 1982) or voltage-clamped (Isenberg et al., 1985) single heart cells. Their temporal resolution was limited to 20 ms, however. We used a preset threshold to detect the position of the edge of the cell. Thus, changes in the optical properties of the cells during the contractile cycle did not affect the measurements . We also measured cell shortening directly from the microscopic image of the cell with a temporal resolution of 1 ms.
We used the peak velocity and extent of shortening as an index of changes in the peak intracellular [Ca 2 '] during successive twitches . Maughan et al. (1978) studied the effect of [Ca 21j on the peak isometric tension development and on the shortening velocity at any given load in skinned guinea pig ventricular muscles. They found that isometric tension and isotonic shortening velocity increased in parallel as [Ca 21] was increased. Our single cells shortened freely, but a small internal load that opposes shortening must exist to explain why peak twitch shortening varies (Krueger et al., 1980) . In addition, manipulations that are known to raise the peak intracellular [Ca2+] in intact cells, such as catecholamines (Allen and Kurihara, 1980) , also increase the shortening velocity (Isenberg, 1982) . Thus, in the absence of factors that modify the sensitivity of the myofibrils to Ca 2+' changes in the peak cytoplasmic [Ca 21] should cause parallel changes in the peak extent and velocity of shortening .
Internal perfusion . With the suction-pipette voltage-clamp method, the solution filling the pipette diffuses into the cytoplasm (Brown et al., 1981) . The speed of the exchange depends on the diameter of the suction pipette and the size of the molecule in question . Measurements of the response of transmembrane currents to channel modifiers and to ion substitution have indicated that a new steady state is reached within several minutes (Lee and Tsien, 1984; Irisawa and Kokubun, 1983) . We found, using pipettes with diameters of 2-8 Im, that rigor shortening began within 30 s after switching the perfusate to one lacking MgATP. In addition, the amplitude of the contractions stabilized within 1 min after the onset of internal perfusion. Thus, the exchange of small ions from the perfusate to the cell was reasonably rapid; moreover, sufficient ATP and/or CP 49 6 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 88 " 1986 diffused into the cell to permit twitch contractions at rates up to at least the 45/ min used in this study .
We weakly buffered the [Ca"] in the intracellular perfusate to pCa 7. Clearly, cytoplasmic [Ca"] increased considerably after stimulation. While the suction pipette should have tended to buffer the cytoplasm, we do not actually know its instantaneous or steady state composition; this is especially true for ions that rapidly move across the cell membrane, and for compounds that are synthesized or broken down intracellularly . Fortunately, we can infer changes in the peak intracellular [Ca"] from changes in cell shortening .
The intracellular [Na'] in intact preparations increases with increased stimulation frequency (Cohen et al., 1982) . The [Na'] in our experiments should have been much less variable, because of the intracellular perfusion and the blockade of the fast Na' channels by TTX. Thus, the changes in contractility in our perparation cannot be attributed to changes of the intracellular [Na'], which then caused changes in the intracellular [Ca2+] via the Na/Ca exchange .
Other studies have described shortening in isolated cardiac cells using oneand two-microelectrode voltage clamps (Mitchell et al., 1984 (Mitchell et al., , 1985 Isenberg et al ., 1985) , methods with which the intracellular milieu is more nearly physiological . Certain features of our results, such as the lack of any change in the peak inward current when the stimulus frequency was altered, probably reflect the effects of intracellular dialysis . For example, the phosphorylation state of membrane channels and contractile proteins probably varied less in our studies. Thus, a comparison of the results from these different methods should be instructive. Moreover, the suction pipette method will permit the role of specific intracellular constituents in contraction to be tested .
Relation to previous voltage-clamp studies. We emphasize that many of the results and conclusions reported in this study have been previously reported from multicellular voltage-clamp experiments (for reviews, see Chapman, 1983; Fozzard, 1977) . However, there are conflicting data in the literature, and no single previous study has reported the entire range of results described here with our preparation. In addition, we have microscopically defined the nature of the phasic and tonic contractions of the previous studies. Thus, we have confirmed a number of previous experiments under conditions where the inadequacy of voltage control, heterogeneity of cell response, and interstitial ion accumulation should not complicate the results (Reuter and Sholz, 1977a; Fozzard and Beeler, 1975) .
Role of Is; as a Triggerfor Shortening
The existence of Ca"-induced Ca 2+ release from the SR has been clearly demonstrated under physiological conditions in mechanically skinned mammalian heart muscle preparations (Fabiato, 1983) . In addition, the potential importance of the Ca 21 influx to the contraction of intact heart muscle has long been appreciated (Chapman, 1983) . We are unaware of any direct demonstration of the role of the Ca 2 '-induced Ca 2+ release process in a preparation with intact membranes, however.
We have found that I5; during depolarization was required for uniform, synchronous twitch shortening in the internally perfused, voltage-clamped heart cell . Conditions that eliminated I5; eliminated twitch shortening (see also Gibbons and Fozzard, 1975 ; Trautwein et a1 ., 1975 ; Leoty, 1974; Morad and Goldman, 1973 ; New and Trautwein, 1972 ; Ochi and Trautwein, 1971 ; Beeler and Reuter, 1970 ; Fozzard and Hellam, 1968) . These conditions included very brief depolarizations, very small depolarizations below the threshold for the activation of I5; (Fig. 8 C) , a depolarized holding potential (Fig. 4) , and Ca 21 channel blockers. In addition, our preparation tolerated voltage steps to well above the Ca 21 reversal potential (as high as +150 mV). We found that these large depolarizations always eliminated both the slow inward Ca 21 current and the twitch shortening during depolarization (Figs. 8, C and D, and 9) . Under these conditions, shortening was associated with repolarization to the holding potential and the inward tail current (Figs. 9 and 10B; see also Leoty, 1974; New and Trautwein, 1972 ; Beeler and Reuter, 1970) . At least a part of the tail current is carried by Ca ions through slow Ca 2+ channels that were opened (but not inactivated) by the preceding depolarization . Thus, our results support the conclusions of the previous voltage-clamp studies on intact multicellular preparations: an inward Ca 2+ current, and not depolarization per se, is essential for twitch shortening in cardiac muscle . Isenberg et al . (1985) measured shortening in single voltage-clamped guinea pig and bovine myocytes. They reported a "slow component of contraction" with a holding potential near -50 mV and low stimulation frequencies, and a "fast component of contraction" with a more negative holding potential and stimulation at a faster rate. Voltage steps to near the Ca2+ reversal potential eliminated the slow component of contraction but not the fast component. This result does not necessarily conflict with the Ca 2 '-induced Ca2+ release theory, however. The conditions Isenberg et al . used to elicit the "fast component of contraction" (i.e., no TTX, high-frequency steady state contractions not under voltage clamp, .one voltage-clamped contraction with a 20-ms prepulse from -85 to -45 mV) may have substantially loaded the cell with Na+. The large positive clamp potentials may have then caused Ca2' entry into the cell via an electrogenic Na/Ca exchange (see below), which could have triggered the SR Ca 2+ release. We saw nothing analogous to this "fast component of contraction" at any holding potential or stimulation rate. In our preparation, however, the fast Na+ channels were blocked by TTX and the intracellular [Na+] was controlled by internal perfusion.
The relationship between the influx of Ca 2+ across the cell membrane during a contraction and the amount of Ca2' needed to directly activate the myofilaments has been studied extensively (see Chapman, 1983; Fabiato, 1983) . Some authors have speculated that the inward Ca 2+ current is sufficient to activate the myofilaments directly (Isenberg et al ., 1985 ; Isenberg, 1982; Bers, 1983; Leoty, 1974; Beeler and Reuter, 1970) . Their calculations did not take into account the soluble and fixed intracellular Ca2' buffers other than the myofilaments, however (Fabiato, 1983) . Fabiato concluded that the measured inward Ca 2+ fluxes were insufficient to activate the myofilaments directly in the presence of these buffers. In addition, Marban and Wier (1985) blocked Ca2+ release from the SR of canine Purkinje fibers with ryanodine. They found that the Ca 2+ transient and tension development were >95% diminished, without a decrease of the action potential plateau. Since the action potential plateau is in part a function of Is;, they concluded that most of the Ca" that activates the myofilaments comes from the SR, and not from Ca" that enters the cell during the twitch .
We perfused single heart cells with a known concentration of the soluble Ca" buffer EGTA, and can therefore calculate the minimum Ca" influx needed to raise the cellular [Ca"] a given amount. Because our internally perfused cells are quiescent, we can infer that the resting intracellular pCa is greater than or close to the value of 7.0 in the intracellular perfusate (Fabiato, 1985a ; Fabiato and Fabiato, 1972) . Ignoring intracellular diffusion, Ca2' binding to the myofilaments, and Ca2' buffers not in the intracellular perfusate, and assuming relatively rapid binding to the 0 .5 mM EGTA internal perfusate, raising the intracellular [Ca 21] from pCa 7.0 to pCa 6 .0 (a [Ca 21] that would activate the myofilaments directly) would require 0 .26 mM Ca2+. This would be equivalent to a sustained inward current of 15 nA for 100 ms in a cell 100,um long and 20 tm in diameter (Fabiato and Fabiato, 1979; Fabiato, 1981) and exceeds the currents that we measured by a factor of at least 25 . Thus, in our preparation with intact membranes, the simplest explanation of the results is that the inward Ca 21 current triggers a larger intracellular Ca2' release. As such, our results constitute direct support for a Ca 2 '-induced Ca 2+ release mechanism in the contraction of the mammalian heart. Role of IS; as an Immediate Determinant of Contractility In addition to its role as a trigger for contraction, the amplitude of I5; also influences the size of an initial component of the Ca 21 transient (Wier, 1980) , the magnitude of the phasic contraction in other voltage-clamped preparations (Gibbons and Fozzard, 1975 ; Trautwein et al., 1975; Leoty, 1974 ; Morad and Goldman, 1973; New and Trautwein, 1972; Beeler and Reuter, 1970) , and the extent and speed of shortening in intact preparations (e.g., effect of catecholamines, Reuter and Sholz, 1977b) . We found a parallel relationship between the amplitude of IS; and the magnitude of shortening when (a) the extracellular [Ca 21] was changed (Fig. 6 ), (b) the Ca 21 current decreased (ran down) as a function of time (Fig. 8B) , and (c) the amplitude of the depolarizing step was altered (Fig. 8, A-D) . In particular, as the amplitude of I5; decreased at voltages near the Ca2' reversal potential, the velocity and extent of shortening similarly decreased . One possible explanation for these results is that the inward Ca 21 current grades the fraction of Ca2' release from the SR (McDonald et al., 1981 ; Trautwein et al., 1975 ; Gibbons and Fozzard, 1975 ; Morad and Goldman, 1973) , as has been shown in studies on skinned cells (Fabiato, 1983) . Alternatively, the amplitude of the Ca 21 current may affect the loading of the intracellular stores (Bass, 1976 ; Gibbons and Fozzard, 1975; New and Trautwein, 1972 ; Beeler and Reuter, 1970) , with the releasable fraction remaining constant (an all-or-none release).
The velocity of shortening and the amplitude of I5; immediately changed in a parallel direction when we changed the depolarizing step amplitude over a range of voltages up to the Ca2' reversal potential (Fig. 8D) . Inasmuch as the changes were evident so soon (i.e., <50 ms after the step amplitude was altered on the first non-steady state contraction), we conclude that we altered the Ca" release process and not SR Ca" loading . Thus, the amplitude of the Ca" current immediately grades the size of each and every contraction .
Voltage-clamp experiments on skeletal muscle have shown that contractile tension first increases and then reaches a plateau as the amplitude of the depolarizing step is increased (Caputo et al ., 1984 currents . This is consistent with an E-C coupling process that involves a graded voltagedependent Ca 2' release (Costantin, 1975 ; Endo, 1977 ; Schneider, 1981) . Meanwhile, both tension and shortening correlate well with transmembrane Ca 2+ currents in frog heart muscle (Leoty and Raymond, 1972) . These cells are thought to lack an SR, and the Ca 2+ currents are believed to be large enough to directly activate the myofilaments (Cleeman et al ., 1984 ; Horackova and Vassort, 1976) . We have also found a close relationship between transmembrane Ca 21 currents and shortening in mammalian cardiac muscle . Here, we believe that the inward Ca 2+ current triggers an intracellular Ca 2' release, the size of which is graded by the magnitude of the current . Thus, in each of the above systems, the E-C coupling process allows direct and immediate control of the size of the contraction .
Slower Determinations ofContractility
Increases in the frequency (Fig . 7) , amplitude (Fig. 8) , and duration (Fig . 10) of the voltage step all increased the amplitude and velocity of shortening over the course ofa few (four to six) contractions . Unlike the immediate changes described above, this gradual adjustment of contractility occurred while I5; remained constant . This phenomenon has been reported often in the literature (Gibbons and Fozzard, 1975 ; Leoty, 1974 ; Morad and Goldman, 1973 ; New and Trautwein, 1972 ; Ochi and Trautwein, 1971 ; Beeler and Reuter, 1970 ; Wood et al ., 1969) , and it has usually been attributed to a change in the Ca 21 loading of the SR. Specifically, one or more components of the inward Ca 21 flux through the Ca 21 channel (Fabiato, 1985b ; Gibbons and Fozzard, 1975 ; Beeler and Reuter, 1970) , the Na/Ca exchange , and the sarcolemmal Ca t+-ATPase (Sulakhe and St . Louis, 1980) (Caroni and Carafoli, 1980) . This system has a lower transport rate than the Na/Ca exchange, however . In addition, there is no reason to believe that the Ca 2' extrusion of this pump should be inhibited at depolarized membrane potentials, where the electrochemical gradient of Ca 2+ is decreased . Thus, although this system may aid in the removal of Ca 21 from the cell, it cannot explain the slow voltage-dependent changes of contractility we have observed .
The net influx of Ca 2+ via I5; does not account for the slow changes in contractility in the internally perfused cell. The increased voltage step amplitude, 50 0 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 88 " 1986 up to +50 mV, gradually potentiated shortening even though I5; decreased above +10 mV (Figs. 2 and 8, C and E) ; a similar result and conclusion have been previously reported (Ochi and Trautwein, 1971 ). An increased voltage step duration also gradually increased shortening ; this increase was equally effective for steps to 0 and +60 mV, even though the inward currents during depolarization differed by a factor of 10 (Fig. 10, A-C) . The influx of Ca 2+ via the tail currents cannot explain these results, because the inactivation of Ca 21 channels is time dependent and the Ca 2+ tail current will be smaller for depolarizations of longer duration (Isenberg and Klockner, 1982) . Finally, more positive holding potentials potentiated future twitch contractions ( Fig. 4A ; Morad and Goldman, 1973) or caused a slow shortening of the cell (Fig. 5) in the absence of a slow inward current. Thus, the tonic tension reported by others with long voltage steps or ramp depolarizations (Trautwein et al., 1975; Morad and Goldman, 1973 ; Beeler and Reuter, 1970) probably reflects an extreme of the process by which the cardiac cell slowly alters its contractility. Here, the intracellular [Ca 2+] is probably pathologically high and has triggered spontaneous release of Ca 21 from an overloaded SR (Fabiato, 1985a) . In summary, the slow change in contractility must reflect a mechanism by which Ca 2+ can become available to the SR for release, which (a) depends on the amplitude and duration of depolarization and (b) is unrelated to IS;.
It seems likely that an electrogenic Na/Ca exchange (more than two Na ions exchanged for each Ca ion) is responsible for the tonic contractions (Eisner et al., 1983) and for the slow changes in contractility. The tonic contractions that accompany long depolarizations are reduced in low-Na' extracellular solutions (Arlock and Katzung, 1985) . The slow changes in contractility are abolished in low-Na + solutions, as is any effect of the duration of depolarization on contractile strength (Leoty, 1974; Beeler and Reuter, 1970; New and Trautwein, 1972) . Thus, depolarization of the heart increases contractility, probably via an influx of Ca' accompanied by a net outward current. Mitchell et al . (1984) noted that the amount of shortening decreased with voltage steps to +60 mV in the rat but not in the guinea pig. They suggested that the SR may be a more important source of Ca' in the rat. Our results emphasize the importance of the internal Ca" store (the SR) in the guinea pig, and the multiple factors that influence its Ca 2+ release. For example, an increase of the voltage step amplitude tended to decrease shortening via a decrease of IS;, but to increase steady state shortening via an increase of the loading of the internal store with Ca 2+ (Fig . 8) .
Determinants of the Time Course of Contraction
The delay between stimulation and the onset of shortening depended on the magnitude and the time course of the inward current in the internally perfused cells. A larger I3; reduced the time between depolarization and the onset of shortening (Fig. 6A) . Longer delays occurred for voltage steps of small amplitudes, where I5; is smaller and its onset is slower (Lee and Tsien, 1982) . Similarly, the onset of shortening followed a tail current more rapidly than it followed depolarization. In this case, we could not measure the magnitude of the peak inward Ca 2+ current; the Ca" influx during the tail current may have been greater than during IS;. In addition, the peak current should have occurred almost immediately after the voltage step back to the holding potential, because any delay required for the opening of the Ca 2+ channels would have been eliminated . Thus, the size and time course of the Ca 2+ current determine the timing of the onset as well as the size of the release of Ca 2+ from the SR . The duration of the contraction depended on the duration of the voltage step in the internally perfused, voltage-clamped heart cell. For brief voltage steps, there was a minimal contractile duration ; otherwise, longer voltage steps prolonged shortening and delayed relengthening (Fig. 10) . Relengthening was incomplete until the cell was repolarized. Similar effects of action potential duration on contractile duration have been reported previously (Wood et al., 1969; Morad and Trautwein, 1968) . Since the cytoplasmic Ca" falls very rapidly (within 100 ms) after the depolarization (Wier, 1980) , and the onset of relengthening can occur before repolarization (Fig. 4B) , we believe that prolonged depolarization slows the removal of the Ca" from the myofilaments via the cytoplasm, as opposed to prolonging the Ca" release process. Indeed, the time course of shortening seems fairly independent of the membrane potential at which internal Ca 2+ release occurs (Fig. 9) . Thus, one possibility is that depolarization inhibits Ca" efflux from the cell via an electrogenic (or voltage-dependent) Na/Ca exchange, thereby prolonging contraction with long depolarizing steps and also loading the SR.
The overall time course of contraction depended only on the duration of the depolarization in our preparation (Figs. 4B, 6A, 7A, and 8) . Thus, in any given cell, the amplitude of shortening at any time after depolarization scaled for contractions of vastly different sizes. This suggests that the amount of Ca 2+ released into the cytoplasm does not affect the time course of contraction and relaxation in the dialyzed cell. In intact, electrically stimulated cells, higher extracellular Ca 2+ concentrations (Fig. 6B ) and higher stimulation frequencies (Fig. 7B ) abbreviated the time course of contraction. Higher stimulation frequencies also decreased the delay between stimulation and the onset of rapid shortening ( Fig. 7B ; refer to "slow" type of shortening of Isenberg, 1982) . The discrepancy between intact and perfused cells may have resulted in part from control of the duration of depolarization in the voltage-clamped cells; an increased stimulation frequency and an increased extracellular [Ca 2+1 tend to decrease the action potential duration in intact isolated guinea pig heart cells (Nordin, C., and R. Aronson, personal communication) . Moreover, because our preparation was internally perfused, the condition (e.g., the phosphorylation state) of the intracellular proteins was probably more constant . This may explain why the frequency dependence of the onset of contraction is seen only in the intact, nonperfused cell.
Application to the Intact Heart
The shape of the cardiac action potential varies under both physiologic and pathological conditions because of changes in the underlying ionic currents (Keung and Aronson, 1981 ; Fozzard, 1977) . Our results suggest that, in the 50 2 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 88 " 1986 intact heart, an increased slow inward current would increase the fraction of SR Ca 21 that is actually released into the cytoplasm. This would strengthen contraction without a direct effect on SR Ca2' accumulation or on the time course of contraction. In addition, within the physiological range, an increase in the action potential duration or overshoot would augment internal Ca2' release, independently of the inward current. Longer action potentials would also prolong contraction . Thus, a mechanism also exists by which prolongation of the cardiac action potential, as during hypertrophy (Keung and Aronson, 1981) , would directly promote an increase in contractile strength.
